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Abstract 
There is currently a need to improve the commercial feasibility of lipasic biodiesel production in order to make it an attractive alternative 
to conventional biodiesel processes. One such means is to apply process intensification principles, by combining reaction and product 
separation steps into a stirred countercurrent extractive reactor (XRC).  Benefits include continuous operation, enhanced biodiesel yield 
via removal of by-products into a separate phase and lower capital and operating costs due to fewer unit operations. This study involves 
steady-state modelling of an 8-stage XRC employing oil feed and aqueous ethanol solvent, using lipase as catalyst. Modelling utilised 
commercial process simulation software coupled to an iterative method for estimation of dispersed phase holdup to investigate the 
influence of operating conditions and feed compositions on XRC performance. Results suggest the optimum solvent composition lies in 
the range of 50  70 vol% ethanol for oil feeds containing between 0  50 wt% free fatty acids. Increasing stage efficiency was 
detrimental to biodiesel yield, indicating that non-ideal reactive stages are preferable in the XRC. Incorporation of a raffinate recycle 
stream improved biodiesel yield, while recycling extract led to only minor downturn in yield and glycerol recovery provided that solvent 
to feed ratio was maintained above 1.5. 
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Nomenclature 
C Concentration, mol/L 
C* Equilibrium concentration, mol/L 
E Extract flow, L/h 
F Overall feed flow, L/h  
  XRC feed flow, L/h 
P Production rate, mol/h 
R Raffinate flow, L/h 
RE Extract recycle ratio 
RR Raffinate recycle ratio 
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S Overall solvent flow, L/h 
 XRC solvent flow, L/h 
x Mass fraction 
X Conversion 
Y Yield 
 
Greek Letters 
 Molar ratio of ethanol to oleic acid and triolein 
m Murphree stage efficiency  
 
Subscripts, Superscripts and Abbreviations 
c Continuous phase 
d Dispersed phase 
D Diglyceride 
E Extract 
EO Ethyl oleate (biodiesel) 
F Feed 
EtOH Ethanol 
M Monoglyceride 
OA Oleic acid 
R Raffinate 
S Solvent 
TG Triglyceride 
TO Triolein 
XRC Extractive reaction column 
1. Introduction 
The global production of crude oil is estimated to peak during this decade [1]. This coupled with growth in demand for 
fuels from large developing nations, is likely to create a supply gap and drive oil prices upwards. To fill the forecast supply 
gap, fuels from alternative sources must be developed which can be used in existing internal combustion engines with little 
or no modifications. The challenge of developing such fuels is particularly important for countries heavily dependent on 
crude oil such as Australia, which relies on crude for 97% of its transportation fuels [2]. 
Biodiesel can be blended with, or used as a direct substitute for petrodiesel in many existing diesel engines. Biodiesel is 
comprised of a mixture of fatty acid alkyl esters and is produced via the alcoholysis of a broad range of plant oils and animal 
fats, including rapeseed, soybean, sunflower, palm, algal oils and tallow. Since it is derived from renewable sources, 
biodiesel has a closed carbon cycle and net CO2 emissions over its life cycle are almost 80% lower than for petrodiesel. 
Furthermore, combustion of biodiesel releases less volatile organic compounds (VOCs), sulfur oxides (SOx) and particulates 
[3]. 
Conventional biodiesel production is a batch process employing a homogeneous alkaline catalyst, typically sodium 
methoxide or sodium hydroxide. Drawbacks of the conventional process include the need for high quality and hence 
expensive oil feedstocks, handling of caustic materials, considerable downstream processing to separate excess alcohol, 
catalyst, and soap from the biodiesel product, and generation of a substantial volume of wastewater [4]. 
The use of immobilised lipase as catalyst overcomes many of the problems associated with homogeneous alkali catalysts, 
and allows the use of inexpensive waste and inedible oils high in free fatty acids. Unfortunately, lipase catalysts suffer two 
main disadvantages, namely higher cost and lower reaction rate than conventional catalysts. These drawbacks have impeded 
commercial uptake. 
We propose the integration of the reaction and separation steps involved in a typical batch reaction system within a single 
stirred extractive reaction column (XRC) [5] as a means to achieve savings in fixed and operating costs associated with 
lipasic biodiesel production. The justification for this derives from both the characteristics of the reaction system, and 
process intensification principles [6], viz.: the reduction of interphase mass transfer resistance between immiscible oil and 
alcohol; the possibility of achieving conversion in excess of thermodynamic equilibrium; and continuous rather than batch 
reactor operation. Advantages of such a scheme include increased biodiesel yield, lower purification costs, generation of a 
glycerol by-product stream for conversion to value-added compounds, and higher production rate [7]. 
In this study, a multistage XRC was modeled and steady-state simulations carried involving the use of an oil feed 
represented as a mixture of triolein and oleic acid, with an aqueous ethanol solvent. A kinetic mechanism for lipasic 
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transesterification obtained from the literature was applied to the model. These simulations build upon previous work [5], 
and explore the use of both single and dual recycle streams, variation in feed and solvent compositions, as well as altering 
stage efficiency within the XRC.  
2. Modeling the XRC 
2.1. Model Development 
The XRC is a multistage, mixer-settler type countercurrent extractive reaction column, with inputs of oil feed and 
aqueous ethanol solvent. Each stage contains an impeller and is loaded with immobilised lipase catalyst, while perforated 
stator plates facilitate phase separation at stage boundaries. Decanters are located at top and bottom of the column to allow 
for phase equilibration. All models in this work considered an 8 stage unit. Simulations of the XRC were carried out using 
Aspen Plus (v.12.1) process simulation software. Reaction kinetics of Cheirsilp et al. (2008) [8] and the unified correlation 
for dispersed phase holdup developed by Kumar and Hartland (1995) [9] were employed in modeling. The modeling 
philosophy, assumptions, procedure and XRC dimensions used were detailed comprehensively in a previous publication (cf. 
Chesterfield et al. (2012) [5]). 
 
2.2. Model Parameters 
The parameters of interest and the ranges of values used in modelling are given in Table 1. In all cases, feed consisted of a 
single triglyceride, triolein, and the balance of the corresponding FFA, oleic acid. Solvent was an aqueous solution of 
entering the XRC, and were constant in all simulations. In the cases where raffinate or extract recycle streams were 
incorporated into the model, the overall feed and solventflows, F and S, reduced to maintain constant XRC throughput.   
Table 1. Main model parameters and ranges considered in this study. 
Parameter Values 
Number of stages 8 
Stirring speed (rpm) 1000 
XRC Feed flow, (L/h) 1.0 
XRC Solvent flow,  (L/h) 
Oleic acid content of feed (wt%) 
Ethanol content of solvent (vol%) 
1.5 
0  50 
0 - 100 
Raffinate recycle ratio, RR 0.46 - 10.21 
Extract recycle ratio, RE 0.42  15.68 
Temperature (°C) 45 
Pressure (atm) 
Enzyme loading (g/L) 
1 
29.4 
3. Results and Discussion 
3.1. Influence of Oil and Solvent Composition 
An important consideration in biodiesel production is the free fatty acid (FFA) content of the oil feedstock. 
Homogeneous alkali-catalysed transesterification is typically limited to oils containing less than 5 wt% FFA, above which 
soap formation causes undesirable emulsification of the reaction mixture [10]. While immobilised lipase is able to catalyse 
both the esterification of FFAs and transesterification of triglycerides, differences in respective reaction rates may 
conceivably result in variation of yield with initial oil composition. To investigate this, the feed oil composition used in 
modeling was varied from 0-50 wt% oleic acid (OA), with the balance triolein (TO). Physical properties of the oil were 
adjusted to account for the changes in composition. 
The effect of varying the ethanol concentration in the solvent has been investigated previously in similar models using a 
feed consisting of pure triolein [5]. A solvent consisting of 50 vol% aqueous ethanol (EtOH) was found to give optimum 
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biodiesel yield. In this study, the combined outcomes of changing both feed and solvent composition were investigated, with 
a solvent compositional range of 10  100 vol% EtOH. 
For a given solvent composition, biodiesel yield tended to increase almost linearly with oleic acid content of the feed, 
and a mild exponential growth relationship of the form 
 FOAEO xY ,exp  (1) 
 
was observed, where  is the yield achieved for a feed of pure triolein,  holds the additional contribution to yield attained in 
the presence of oleic acid, and xOA,F is the mass fraction of oleic acid in the feed. The values of  and  in Eq (1) are 
dependent on solvent composition, and are given in Table 2. Note that biodiesel (ethyl oleate) yield is defined as 
 
FOAFTO
REO
EO CCF
RC
Y
,,
,
3
 (2) 
in which R and F denote volumetric flow rates of raffinate and feed, respectively, while CA,B denotes molar concentration of 
component A in stream B. 
Table 2. Parameters of Eq (1) for different solvent compositions. 
Vol% EtOH in Solvent   R2 
10 0.0168 0.0063 0.967 
20 0.0287 0.0063 0.985 
30 0.0400 0.0060 0.991 
40 0.0545 0.0054 0.994 
50 0.0828 0.0040 0.990 
70 0.0832 0.0105 0.997 
80 0.0598 0.0086 0.999 
90 0.0505 0.0081 0.998 
 
 
Fig. 1. Combined effects of variation of feed and solvent compositions on biodiesel yield in the XRC. 
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Fig. 1 depicts the combined influence of feed and solvent composition on yield. As can be seen, all curves show an 
optimum at between 50-70 vol% EtOH in the solvent. Optimal yield was obtained when using a solvent containing 60 vol% 
EtOH with a feed of 50 wt% OA. The shape of the trends is largely due to changes in the density of the aqueous phase 
which occur upon variation in composition. At low ethanol content, the aqueous phase is denser than the organic phase. 
Increasing ethanol content reduces aqueous phase density, and at 60 vol% EtOH, phase densities are almost identical. Use 
of more highly concentrated aqueous ethanol solvent will cause a reversal of flow in the XRC as the aqueous phase becomes 
lighter than the organic. The more similar the phase densities, the higher is the dispersed (and in this case reactive) phase 
holdup within the XRC, resulting in a peak in yield around the 60 vol% EtOH mark. Unfortunately, low density difference 
tends to cause column flooding due to entrainment of the dispersed phase at the continuous phase outlet [11]. Indeed, the 
absence of data points at 60 vol% EtOH is due to the calculation of holdups in excess of 1, which are physically impossible 
and suggest flooding under these conditions. 
 
Fig. 2. Tri-, di- and monoglyceride content of raffinate as a function of solvent composition (30wt% oleic acid feed). 
As is evident in Fig. 1, biodiesel yields obtained were in all cases less than 25%, meaning that a substantial amount of 
reactants and intermediates remained in the raffinate stream exiting the XRC. Downstream separation is required after the 
XRC to recover these components from the biodiesel and recycle them if possible. Fig. 2 shows the content of glycerides 
present in the raffinate for feeds of 30 wt% oleic acid as a function of ethanol content of the solvent.  
Since conversion is far from complete, at optimum conditions triglyceride content is at a minimum while concentration 
of intermediate di- and mono-glycerides are at a peak. In addition, at optimum yield conditions, ethanol and water were 
present in the raffinate at 6.67 wt% and 0.56 wt%, respectively and must therefore be separated from the biodiesel product 
in order to meet standard specifications. 
The above results indicate that for oils containing anywhere between 0  50 wt% FFA (which covers most feedstocks 
currently used for biodiesel production), the optimum solvent ethanol content to maximise yield is 50  70 vol%. However, 
one must be careful when operating under these conditions to avoid column flooding. Note that unless otherwise stated, all 
remaining simulations were carried out using a feed of 30 wt% oleic acid and solvent of 50 vol% ethanol as a representative 
case for studying the influence of other variables. 
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3.2. Stage Efficiency 
Murphree stage efficiency for component i in the dispersed phase in the XRC is defined as [12] 
 *
1,
,1,
dnd
ndnd
md CC
CC
 (3) 
where Cd,n denotes dispersed phase concentration of component i in stage n, and C*d the equilibrium dispersed phase 
concentration of component i. In the organic-aqueous system considered there are up to 8 components, however only 
ethanol and water were found to distribute appreciably between the two phases in preliminary simulations at 100% 
efficiency. The influence of md on XRC performance was investigated over the range 75  100%, assuming stage efficiency 
was equal for all components and all stages in a given simulation. 
 
Fig. 3. Conversion of triolein, oleic acid and biodiesel yield as functions of stage efficiency (30wt% oleic acid feed). 
 
Fig. 4. Molar ratio of ethanol to reactants relative to stoichiometric ratio vs. stage efficiency (stage 4, 30wt% oleic acid feed). 
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Fig. 3 illustrates an approximately linear decrease in conversion of triolein and oleic acid, as well as ethyl oleate yield, 
with increasing stage efficiency. This downturn in biodiesel yield can be attributed to the change in distribution of ethanol 
between the organic and aqueous phases throughout the column. At higher separation efficiency, the distribution ratio of 
ethanol between organic and aqueous phases decreased while the two key reactants, triolein and oleic acid, remained 
exclusively in the organic phase. Since in all simulation cases, molar ratio of ethanol to reactants ( ) in the organic phase 
was at or less than stoichiometric (cf. Error! Reference source not found.), the reduction in molar ratio brought about by 
increased efficiency led to a drop in conversion and hence yield of biodiesel. 
Hence, provided that decanters at column ends operate as equilibrium stages, the reactive stages within the XRC can and 
indeed should be designed to achieve non-ideal phase separation. In reducing reactive stage efficiencies from 100% down to 
75%, biodiesel yield improved by 28%. Meanwhile, no discernible decline in raffinate purity or glycerol recovery in the 
extract was seen. 
 
3.3. Raffinate Recycle  
Single pass yields of biodiesel attained in the XRC ranged from 1.7  22.1%. In order to improve yield, simulations were 
conducted in which a portion of the raffinate was recycled into the feed stream. Raffinate recycle ratio, RR, is defined as the 
portion of raffinate stream recycled to join the fresh feed to the portion of raffinate stream released as product and is 
analogous to reflux ratio in a distillation column. In all cases, the actual throughput of feed and solvent within the XRC 
were kept constant, such that an increase in RR meant a reduction in feed to the process as a whole. This approach was taken 
since liquid-liquid extractors are typically limited to operation below a certain flooding velocity [13], hence maintaining 
constant throughput avoids the risk of exceeding this limit with increasing RR. The influence of RR on conversion of triolein, 
oleic acid and yield of biodiesel can be captured by hyperbolic functions of the form 
 
R
R
R R
Rff
R 0
 (4) 
 
where the parameters of Equation 4 for each variable are given in Table 3. 
 
Table 3. Parameters of Eq.(4) 
f 0RRf    R
2 
XTO 0.216 0.781 4.074 1.00 
XOA 0.113 0.868 7.611 1.00 
YEO 0.089 0.873 10.453 1.00 
 
As illustrated in Fig. 5, the increase in yield was accompanied by a concomitant drop in biodiesel production rate, as a 
result of the fall in throughput. If one must maintain XRC throughput constant at a given design flow, there is a trade-off 
between yield and biodiesel production rates, with the optimum recycle ratio dependent on the associated process 
economics which have not been investigated in this study. 
The ratio of conversion of triolein to that of oleic acid was found to decrease with raffinate recycle ratio according to a 
hyperbolic decay given by 
 
ROA
TO
RX
X
252.4
770.3010.1  (5) 
 
under the conditions employed. Interestingly, Eq (5) suggests that the limiting conversion ratio is approximately one. 
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Fig. 5. Absolute biodiesel production rate and biodiesel yield vs. raffinate recycle ratio. 
3.4. Dual Recycle 
In addition to recycling the raffinate, process efficiency may be enhanced by recycling a portion of the extract. Thus the 
combined effects of incorporating raffinate and extract recycle streams into the XRC system were investigated. Raffinate 
recycle ratio was varied over the range 0.46 < RR < 10.21, while extract recycle ratio spanned 0.42 < RE < 15.68. In all cases, 
the throughput of organic and aqueous phases within the XRC were kept constant, at  = 1.0 L/h and  = 1.5 L/h, 
respectively. By varying recycle ratios, the overall process feed and solvent flow rates, F and S, were adjusted and we can 
therefore use the solvent to feed ratio, S/F, as an indicator of the relative recycle ratios. 
Fig. 6 plots biodiesel yield as a function of S/F at different raffinate recycle ratios, RR. Moving left to right along a curve 
in Fig. 6 effectively represents a reduction in RE. As identified in section 3.3, yield increased with RR. At a given RR, yield 
increased with S/F up to S/F S/F. This accords with findings in 
a previous study [5], and is due to saturation of the organic phase with ethanol at S/F 
reaction rate in the XRC beyond this level. 
While yield increased monotonically with RR, absolute biodiesel production rate passed through a maximum at RR = 0.46 
(cf. Fig. 7). At this optimum production rate, the yield of biodiesel, while at YEO = 0.125 was better than 0.093 for no 
raffinate recycle, was considerably lower than optimum. To achieve a comparable production rate at higher yield, one could 
operate at higher raffinate recycle ratio with the addition of stages to the XRC. We have previously reported an 
approximately linear relationship between yield and number of equilibrium stages for a given set of operating conditions 
and over the range 1-32 stages [5]. Based on this assumption, the optimal biodiesel production rate identified in the dual 
recycle simulations of 0.260 mol/h ethyl oleate could be achieved at higher RR, and hence higher yield in XRCs with more 
stages, as given in Table 4. 
By recycling a portion of the extract stream, a slight drop in glycerol recovery in the extract was observed, from 100% 
with no recycle to 98.4% for RE = 15.6. While this represents a slight loss in terms of recovered (saleable) glycerol, and led 
to higher free glycerol content in the raffinate, it was still two orders of magnitude below the limit of 0.020 wt% free 
glycerol in biodiesel specified by ASTM 6571. However, total glycerol in the raffinate remained a problem, and even at 
optimum values of RR and RE considered, levels of tri-, di- and monoglyceride exceeded their respective limits by 1-2 orders 
of magnitude. There is therefore still a need for downstream separation of these reactants and intermediates, along with 
excess ethanol and water, from the raffinate stream. 
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Fig. 6. Biodiesel yield as a function of solvent to feed ratio at different raffinate reflux ratios. 
 
 
 
Fig. 7. Biodiesel yield and absolute production rate vs. raffinate recycle ratio (S/F = 1.5). 
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Table 4. Number of stages required to achieve optimal biodiesel production rate of 0.260mol/h at different reflux ratios. 
RR YEO Stages Required 
0.46 0.125 8 
1.40 0.190 9 
4.74 0.357 12 
6.59 
10.21 
0.420 
0.512 
14 
17 
4. Conclusions 
Steady-state simulations have been carried out using Aspen Plus (v12.1) to examine the applicability of a countercurrent 
liquid-liquid extractive reactor for the production of biodiesel. Simulations involved a transesterification mechanism from 
the literature [8] for immobilised lipase as catalyst, mixtures of triolein and oleic acid as feed and aqueous ethanol solutions 
as solvent. Reactor size and flow rates were on the laboratory scale. Estimation of dispersed phase holdup involved use of 
[9]. The effects of key operational parameters on biodiesel yield and product purity were 
investigated. 
Biodiesel yield increased almost linearly with FFA content of the feed, while optimum ethanol content in the solvent was 
in the range 50  70 vol% for all feeds considered. However, operating in this range carries the risk of column flooding due 
to convergence of aqueous and organic phase densities. Optimum single pass biodiesel yield was found to be 22.1%. 
Murphree stage efficiency of reactive stages in the XRC was found to influence yield. An increase in stage efficiency led 
to a decrease in yield. At higher efficiency, less ethanol resided in the organic phase, hence there was an associated drop in 
molar ratio of ethanol to organic reactants below the stoichiometric level. This was detrimental to reaction rate. 
A raffinate recycle stream was incorporated into the process simulations in order to improve yield. Maintaining constant 
throughputs of feed and solvent within the XRC, an increase in recycle ratio was found to improve yield according to a 
hyperbolic trend, while a concomitant drop in absolute production rate occurred. 
The addition of an extract recycle stream appeared to have a reducing effect on the biodiesel yield, but this reduction was 
minor provided that the overall solvent to feed ratio of the process was maintained above 1.5. This supported previous 
findings [5] suggesting a solvent ratio of 1.5 is optimal for maintaining near maximum yield while minimising solvent 
consumption. 
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